Insulin-dependent diabetes mellitus (IDDM) is characterized by a progressive autoimmune destruction of the pancreatic 13-cells. One of the best-suited animal models for IDDM is the nonobese diabetic (NOD) mouse. In this investigation pancreatic islets were isolated from female NOD mice aged 5-7, 8-11, and 12-13 wk and examined immediately (day 0) or after 7 d of culture (day 7). The mice showed a progressive disturbance in glucose tolerance with age, and a correspondingly increased frequency of pancreatic insulitis. Islets isolated from the oldest mice often contained inflammatory cells on day 0, which resulted in an elevated islet DNA content. During culture these islets became depleted of infiltrating cells and the DNA content of the islets decreased on day 7. Islets of the eldest mice failed to respond with insulin secretion to high glucose, whereas a response was observed in the other groups. After culture all groups of islets showed a markedly improved insulin secretion. Islets from the 12-13-wk-old mice displayed a lower glucose oxidation rate at 16.7 mM glucose on day 0 compared with day 7. Islet (pro)insulin and total protein biosynthesis was essentially unaffected. In conclusion, islets obtained from 12-13-wk-old NOD mice exhibit an impaired glucose metabolism, which may explain the suppressed insulin secretion observed immediately after isolation. This inhibition of 3-cell function can be reversed in vitro. Thus, there may be a stage during development of IDDM when 83-cell destruction can be counteracted and 13-cell function restored, provided the immune aggression is arrested. (J.
Introduction
Insulin-dependent diabetes mellitus (IDDM)' is characterized by a progressive autoimmune destruction of the insulin-producing ,3-cells of the pancreas (1) . At present one of the bestsuited animal models for the study of IDDM is the nonobese 1. Abbreviations used in this paper: IDDM, insulin-dependent diabetes mellitus; KRBH, Krebs-Ringer bicarbonate Hepes buffer; NOD, nonobese diabetic (mice). diabetic (NOD) mouse. Since its discovery the NOD mouse has been extensively investigated (2) (3) (4) , especially regarding the type of cells infiltrating the pancreatic islets (5, 6) , genes conveying suceptibility for the disease (7) (8) (9) , and different attempts to prevent the outbreak of diabetes (10) (11) (12) (13) ). An additional crucial issue in understanding the course ofthe disease is to elucidate the damaging mechanism(s) inflicted by the immune cells to the 13-cells. In this context it is also ofimportance to find out whether the 13-cells during ongoing autoimmune assault are able to pass through a phase of cell repair and resume a normal function. Such studies have up to now been hampered by the problems ofisolating islets from animals with insulitis, i.e., immune cell infiltration of the islets.
In the present study we have succeded in isolating islets from NOD mice up to 13 wk of age and with an increasing degree of insulitis. Pancreatic 13-cell function was studied both immediately after islet isolation and after 1 wk of tissue culture. The results show that there is a progressive deterioration with age of the islet capacity to release insulin in response to glucose stimulation, but that the cells are able to recover their function after culture.
Methods
The local NOD mouse strain. The NOD mouse colony was established in Uppsala in March 1988 in the Animal Department of the Biomedical Centre (Uppsala, Sweden) by brother and sister mating from three breeding pairs of inbred NOD mice obtained from the Clea Company, Aobadi, Japan. The cumulative diabetes incidence in the NOD mouse colony by 28 wk of age is 47% in the female and -7% in the male mice. Diabetes mellitus was verified by positivity for glucosuria (Clinistix, Bayer AB, Goteborg, Sweden) and a serum glucose concentration > 14 Islet isolation and culture. Pancreatic islets were isolated by a col-lagenase digestion procedure (16) from nonstarved female NOD mice and from nonstarved outbred 12-wk-old male NMRI mice (Anticimex AB, Sollentuna, Sweden), the latter being a non-diabetes-prone strain of mice without any known autoimmune disease which has been extensively studied in our laboratory as regards islet metabolism and function. From the NOD females islets were isolated according to the age groups described above. After 13 wk of age islet isolation from the mice was not feasible owing to severe inflammatory lesions ofthe islets. The islets were either immediately used for experiments (day 0) or cultured free-floating in tissue culture medium RPMI 1640 (1 1.1 mM glucose) (Flow Laboratories, Irvine, Scotland) supplemented with 10% donor calf serum (Flow Laboratories), benzylpenicilhin (100 U/ml), and streptomycin (0.1 mg/ml) at 370C in air + 5% C02 for 7 d, before further experiments were performed (day 7). The culture medium was exchanged every second day. The number of islets possible to isolate on day 0 and the number of islets remaining in culture on day 7 was calculated for each individual NOD mouse.
Measurements of islet insulin release and islet insulin and DNA contents. To determine islet insulin release, triplicate groups of seven islets were placed in sealed glass vials (17) 
Results
Intravenous glucose tolerance test in NOD mice. The 8-1 1-wk aged mice showed a slightly lower serum glucose concentration, before glucose injection, compared to the younger mice (5-7 wk), whereas the oldest group was similar to the youngest ones ( Fig. 1 glycemic level after 15 min in the 8-1 l-wk-old mice, and at 60 and 120 min after the glucose load the serum glucose concentrations were elevated in the two oldest age groups compared with the youngest mice. It should be noted that the serum glucose concentration had not returned completely to the initial level in any of the groups after 120 min. Islet morphology. Examination ofthe pancreatic pieces excised from the different groups of mice revealed an increasing fraction of animals showing insulitis (class C) in the older age groups (Table I ). The 12-1 3-wk-old mice exhibited all a periinsular mononuclear cell infiltration (class B) or insulitis. The mononuclear cells were frequently gathered around the islets forming a capsulelike structure. This apparent capsule was also possible to detect on some islets immediately after isolation, especially in the oldest NOD mice (Fig. 2) . After culture the islets became essentially devoid ofthe infiltrating cells (Fig. 3) .
Islet DNA and insulin content and insulin release. The number of isolated islets obtained from the pancreas of the NOD mice was higher in the 5-7-wk-old group (127+4; n = 16) than the 8-1 l-wk-old group (84±7; n = 15; P < 0.001; unpaired t test) and the 12-13-wk-old group (79±9; n = 11; P < 0.001). The percentage loss of islets during the 1 wk of culture was -15%, in all groups (data not shown).
The DNA content on day 0 of the islets isolated from the two elderly groups of mice was elevated compared to the 5-7-wk-old mice (Table II) . However, the islet DNA content decreased on day 7 in the former two groups and became similar to the DNA content of the islets from the youngest mice. The DNA content of the islets obtained from the 5-7-wk-old mice did not change with culture. Also islets isolated from NMRI mice showed an unaffected DNA content (day 0, 213±20.2; day 7, 166±12.4 ng DNA/10 islets [n = 9]). The insulin content per islet was increased on day 0 in the 12-13-wk-old mice, but after the culture period it became significantly decreased compared with the 5-7-wk-old group (Table II) . On the other hand, when the islet insulin content was expressed per DNA, it was decreased on day 0 in both the 8-11-and the 12-13-wk-old mice (Table II) . This decrease persisted after culture of the islets isolated from the oldest mice, whereas this difference did not remain after culture of the islets isolated from 8-1 1-wk-old mice.
Islets incubated from NOD mice aged 5-7 or 8-11 wk responded on day 0 with an increased insulin release to 16.7 mM glucose when compared with the preceding incubation hour at 1.7 mM glucose (Fig. 4) . However, the islets obtained from the 12-1 3-wk-old mice failed to respond to high glucose. On day 0 there was also a progressive increase with age in the basal islet insulin secretion at 1.7 mM glucose. After culture for 7 d, the basal insulin release declined to similar levels in all groups of islets. Furthermore, the glucose-stimulated insulin secretion became much enhanced, as compared with day 0, in all three groups (P < 0.001). Thus, the islets obtained from the oldest animals had become glucose sensitive. To examine the effect of tissue culture on the glucose-stimulated insulin release, islets isolated from NMRI mice were also studied (Fig.  4) . On day 0 these islets exhibited a prompt response to glucose, and this remained the same also on day 7.
Addition of 5 mM theophylline to the incubation medium containing 16.7 mM glucose strongly augmented the insulin secretion on day 0 in all groups: (5-7 wk, 37.4±7.1 (n = 12); 8-11 wk, 38.4±5.2 (n = 13); 12-13 wk, 28.0±6.4 (n = 6); NMRI, 80.1 ± 11.6 (n = 9) ng insulin/10 islets X 60 min). After culture there was an even higher insulin secretion, as compared with the same groups of islets examined on day 0. in all groups of islets incubated in the presence of 16.7 mM glucose + 5 mM theophylline: 5-7 wk, 120±11.3 (n = 12) (P < 0.001); 8-11 wk, 134±23.6 (n = 11) (P < 0.001); 12-13 wk, 119±25.9 (n = 4) (P < 0.01); NMRI, 124+16.9 (n = 9) ng insulin/10 islets X 60 min (P < 0.05).
Islet (pro)insulin and total protein biosynthesis. There was no difference in the rates of (pro)insulin biosynthesis at 1.7 mM glucose on day 0 between the different groups of NOD mice (Table III) . At 16.7 mM glucose the rate of (pro)insulin biosynthesis appeared lower in the islets of 12-13-wk-old mice; however, this difference did not attain statistical significance. The islets of the oldest mice exhibited an elevated total protein biosynthesis at the low glucose concentration. All groups of islets could increase both their (pro)insulin and total protein biosynthesis at the high glucose concentration. Furthermore, the (pro)insulin biosynthesis was preferentially stimulated by glucose. After culture all groups of islets showed higher rates of (pro)insulin biosynthesis as compared to day 0. This probably reflects that the islets has been cultured at 1 1.1 mM glucose, which stimulates the (pro)insulin biosynthesis of the p3-cells. On day 0 the contribution of the (pro)insulin frac- 
The islets were isolated from nonstarved NOD mice at different age as given in the first column. The islet DNA and insulin content was determined both on the day of isolation (day 0) and after 1 wk of culture (day 7) in medium RPMI 1640 + 10% calf serum. Islet DNA content was measured fluorophotometrically in water homogenates of the islets and the insulin content was determined by RIA in acid ethanol extracts of the homogenized islets. Values are given as means±SEM for the number of animals given within parentheses. *, **, and *** denote P < 0.05, < 0.01 and < 0.001, respectively, when compared on corresponding days to the 5-7-wk-old mice, using Student's unpaired t test.
tion to the total protein biosynthesis in the islets of the 8-1 1-wk-old mice was significantly lowered at 16.7 mM glucose. After the culture period this persisted and also the islets of the oldest mice displayed a slight decrease compared with 5-7-wk-old islets.
Islet glucose oxidation. In these experiments islets isolated The islets were isolated from nonstarved NOD mice at different age as given in the first column. The amount of labeled L-[4.5-3H]leucine (pro)insulin was determined by an immunoabsorption technique and the total protein biosynthesis was measured in TCA precipitates of the islet homogenate. Values are means±SEM for 9-12 experiments in each group. * denotes P < 0.05 for a chance difference vs. the 5-7-wk-old mice, compared on corresponding days after isolation using Student's unpaired t test.
glucose. The islets of the NMRI mice showed similar glucose oxidation rates on day 0 and day 7 both at low and high glucose concentrations.
To assess a possible contribution of the infiltrating mononuclear cells to the islet glucose oxidation rate on day 0, also the D-[U-'4C]glucose oxidation of splenic cells isolated from 12-13-wk-old NOD mice was measured. The glucose oxidation rates at 1.7 mM glucose was 628±189 pmol/90 min X 2 X 106 cells (n = 8), and at 16.7 mM glucose it was 797±182 pmol/90 min X 2 X 106 cells (n = 12). If the decrease in the islet DNA content on day 7 compared with day 0 mainly reflects the loss of mononuclear cells, the number of infiltrating cells is roughly 29,000 per 10 islets, assuming a DNA content of 6 pg/cell. If the glucose oxidation rates of the splenocytes are similar to that of the mononuclear cells in the islets, the contribution of these cells to the total islet glucose oxidation would be -9 pmol at 1.7 mM glucose/90 min X 10 islets and 12 pmol at 16.7 mM glucose/90 min X 10 islets. These low glucose oxidation rates of the splenocytes are in agreement with previous reports (24).
Discussion
The goal of the present investigation was to characterize the (3-cell function of islets isolated from animals spontaneously developing IDDM. Despite the lymphocytic infiltration, it was possible to isolate islets from NOD mice up to 13 wk of age. After that age, the islet yield per pancreas was insufficient to allow experiments in which islets could be studied both before and after culture. This probably reflects the gradual reduction of (-cells owing to inflammatory islet lesions, which makes the collagenase islet isolation procedure unsuitable.
In line with the observations of a progressively disturbed intravenous glucose tolerance test in the older animals, the islets isolated from these mice exhibited the most marked suppression in (3-cell function on day 0. Conceivably the suppressive effect was inflicted to the (3-cells in vivo and subsequently this state persisted acutely after isolation ofthe islets. It is likely that the failure of these islets to release insulin in response to glucose was related to a defect in their glucose metabolism, as evidenced by the present glucose oxidation data. Indeed, an intact oxidative metabolism is crucial for the stimulation of insulin secretion from the (3-cells by nutrient secretagogues (25) . These findings are also in agreement with previously re-ported data, suggesting that an impaired glucose metabolism in islet cells may develop after in vitro exposure to various types of toxic injuries (26) . The impairment of glucose-stimulated insulin release was partly overcome by addition of theophylline. In line with this an enhanced insulin response to nonnutrient secretagogues, as compared with glucose, has also been observed after pancreas perfusions ofNOD mice (27) and in "early" IDDM patients (28) .
The elevated DNA content and total protein biosynthesis at 1.7 mM glucose on day 0 ofthe islets isolated from the older mice, most probably reflect the contribution of infiltrating immune cells in the islets and in the periinsular area (cf. Fig. 1 ). An obvious possibility is that the immune cells in vivo induced the suppression ofthe islet glucose oxidation and glucose-stimulated insulin release observed in vitro. However, the mediator(s) of this putative suppression remains to be clarified. Humoral factors (29) , cytotoxic T cells, natural killer cells, and macrophages (30) (31) (32) (33) (34) (35) ) may exert such effects. Furthermore, pancreatic islet-specific CD4' T cell clones isolated from spleens and lymph nodes (36) and CD4' and CD8' T cells from islets (37) of NOD mice, which may mediate islet destruction in vivo, have been isolated. It has also been postulated that a prolonged subclinical hyperglycemia can induce a condition of "glucose blindeness" in the (3-cells (38). In addition cytokines, mainly interleukin 1 locally secreted by macrophages, may be toxic to the islet (3-cells (39, 40) . Despite that mouse pancreatic islet 13-cells may be less sensitive to cytotoxicity induced by interleukin 1 (41), there is some resemblance between the presently studied NOD female mouse islets and rat pancreatic islets exposed for prolonged time in vitro to interleukin 1(3. These islets show an elevated basal glucose oxidation and a blunted insulin response to glucose (42) , which can partly be reversed by a phosphodiesterase inhibitor, i.e., theophylline (43) and 3-isobutyl-l-methylxanthine (44). On the other hand, the (pro)insulin biosynthesis of the islets isolated from the NOD mice was only moderately affected, whereas it was clearly decreased after interleukin 113 treatment (42, 45) . Nevertheless the impairment inflicted by interleukin 1 on the insulin secretion was more profound than that on the (pro)insulin biosynthesis (42) . It is conceivable that islets in NOD mice at a later stage, i.e., closer to degeneration also will display a clearcut decrease in the biosynthesis of (pro)insulin.
The finding that the islets isolated from NMRI mice showed the same rates of insulin secretion on both days 0 and 7 argues against the possibility that the improved function of the islets from the NOD mice was solely an effect of tissue culture. The cultured NOD islets became depleted of the infiltrating mononuclear cells, probably because ofa lack ofstimulating mitogens such as interleukin 2 in the medium (46) , and this coincided with a normalized islet DNA content, an increased glucose oxidation rate and an enhanced insulin release at high glucose. This implies that the invading cells, indeed, exerted an inhibitory action in vivo on the islet capacity to release insulin. In contrast, despite the depletion of the immune cells after culture the islet insulin content/DNA was still decreased in the 12-13-wk-old mice. This could indicate either that death and a net loss of irreversibly damaged (3-cells from these islets have occured during the insulitis process, or that the number of1-cells per islet remained intact but their insulin content was reduced. The function of the glucagon producing cells ofthe islets was not evaluated in this study, but it has been reported that a hypersecretion ofglucagon develops in diabetic NOD mice (47), and thus a role of this hormone in the presently observed glucose intolerance in the older mice can not be excluded.
A restoration of function in the surviving -cells after culture following different noxious treatments has been observed after alloxan (48) , heat-shock (49), and interleukin 1 (43, 44, 50) exposure. However, after streptozotocin-induced injury, the inhibition of (-cell function persisted and even progressed in culture (51) (52) (53) . The fact that the islets isolated from NOD mice, at an early stage of (-acell destruction, can revert their impaired ,8-cell function in vitro is encouraging. Extended to the in vivo situation, the present results could indicate that if the immunologically induced (3-cell damage is arrested, there is a population of suppressed but still viable (3-cells able to resume a normal function.
